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SUMMARY

The development and characterization of a novel ion-exchange film for solid-phase fluorometry and phos-

phorimetry is reported. This new cation-exchange material is suitable for spectroscopic applications in the ultravio-

let and visible regions. It is advantageous because it, as a single entity, is easily recovered from solution and

mounted in the spectrofluorometers. After preconcentration on the film. the luminescence intensity of lanthanide

ions'is several orders of magnitude greater than that of the corresponding solution, depending on the volume of

solution and the amount of film. This procedure allows emission spectral measurements and determination of lan-

thanide ions at solution concentrations of <5 p.g/l. The film may be stored for subsequent reuse or as a permanent

record of the analysis. The major drawback to the use of the film is slow uptake of analyte due to diffusion
limitations.

INTRODUCTION

The determination of metal ions in solution is typically performed by one of the atomic spectroscopies,

such as atomic absorption (AAS) or inductively coupled argon plasma emission (ICAP) because of the ease. high

sensitivity, and selectivity of these techniques. A limitation of these techniques is the requirement for expensive

instrumentation, which is typically limited to metal ion analyses. Ultraviolet/visible spectrophotometry (UV-Vis)

has been used for many decades because it is an inexpensive technique, even though it suffers from low sensitivity

and selectivity. Shortcomings of spectrophotometry have been minimized by the development of chromophoric rea-

gents in combination with simple separation techniques. Nonetheless, the general sensitivity of the spectropho-

tometric methods does not compare favorably to the atomic spectroscopies.
To improve the sensitivity and detection limits of the spectrophotometric technique, solid-phase spectro-

photometry (SPS) was developed and a large number of methods have been reported with limits of detection rival-

ing those of the atomic spectroscopies. In SPS, the additional sensitivity is gained by preconcentrating the analyte

on a small quantity of ion-exchange material, which serves as the spectroscopic medium. The selectivity and sensi-

tivity are enhanced by the use of chromophoric reagents as is done in conventional spectrophotometry. The disad-

vantage to this technique is that many of the ion-exchange resins employed are highly absorbing in the regions of

interest and are highly scattering at all wavelengths, even when combined with refractive index matching solvents in

short pathlength cells. The scattering problem has been largely overcome with the development of a new ion-

exchange material (IEM) (ref. 1). This cationic IEM can be prepared as a thin transparent film that when coupled

with water allows for spectrophotometric determinations throughout the visible and the majority of the ultraviolet

region. Thin films of this material, which effectively remove metal cations from aqueous solution, were originally

developed as insulators for separating the metallic plates in alkali voltaic cells used in space vehicles (refs. 2 to 4).

Further development of these materials resulted from the National Aeronautics and Space Administration's efforts

to save the environment and to transfer commercially viable technology to industry. The current version of the IEM

film has several advantages over commercial resins in addition to optical transparency (ref. 1). In many resins, Ca"*,
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normallypresentin natural waters, competes with the metal ions for sites on the resin, thus rendering the resin beads
less effective. One advantage of this new IEM is that it is more effective in the Ca -'+form than in either the acid or
Na" forms.

While the first analytical applications of the IEM employed solid-phase spectrophotometry, luminescence

determinations generally yield additional sensitivity and selectivity for those analytes that fluoresce or phospho-

resce. Analytes that have no inherent luminescence can also be made to luminesce by the addition of fluorophoric

reagents as has been done for spectrophotometric analysis. Typically, luminescence methods have limits of detec-

tion that are at least 3 orders of magnitude below specu'ophotometry. It is therefore logical that the SPS technique be

extended to solid-phase fluorometry (refs. 5 to 11). Some of the same problems of absorptivity and light scattering

by the ion-exchange media employed in SPS are minimized by using SPF; however, many of the resins tend to be

highly luminescent, which introduces another drawback. A number of methods have been developed for the deter-

mination of lanthanide ions by SPF techniques after preconcentration on polymeric matrices. Lanthanide trifluoro-

acetylacetonate complexes are sorbed by polymers functionalized by such groups as tetrazole, triazole, imidazole,

and diaza crown ethers (ref. 12). A similar procedure uses polymethylmethacrylate to preconcentrate the lanthanide

ions (ref. 13). Both methods employ trifluoroacetylacetone to enhance the luminescence and require filtration to

isolate the polymeric matrix prior to fluorescence measurements on the solid substrate. In this paper we present

initial findings on the use of ion-exchange films as a preconcentration medium for SPF for use with metal ions that
have inherent luminescence.

EXPERIMENTAL

Four different instruments were used to measure the emission spectra of lanthanide ions. Preliminary spec-

tra were taken on a Baird Atomic Model FC 100 Flu'orichord Spectrofluorometer with slits manually adjusted to

optimize signal intensity and resolution. Fluorescence and phosphorescence emission spectra were recorded on

either a Perkin-Elmer Model LS-50b Spectrofluorometer or an Aminco AB 2 Luminescence Spectrometer. Instru-

mental conditions are discussed in the text and in figure captions. The laser luminescence spectra were acquired on

an instrument that was constructed in-house and consisted of a Coherent Inova 70 Argon Ion Laser operated at 10
MW mm : at the 488 nm line coupled to a 1.25 m Spex 1269 monochromator fitted with a liquid-nitrogen-cooled

Spex Spectrum 1 CCD array. The spectra of solutions in all instruments were recorded in 1- by l-cm quartz

fluorescence cells. Spectra of films were taken in a triangular cell filled with deionized water such that the film

was at an angle of 45 ° with respect to excitation and emission slits for the Fluorichord. In other instruments, front

surface attachments provided by the vendors were used for film measurements. For the laser fluorometer, the

samples were held in the laser beam using a clamp.

Stock solutions, 1000 mg/1 in ianthanide ions: Sm (Alpha), Tb (Aldrich), and Gd (SCM) were prepared

from the corresponding hydrated chlorides. Europium chloride was prepared by dissolving the oxide (Johnson

Matthey) in excess concentrated hydrochloric acid, evaporating to near dryness, and redissolving in deionized

water. This process was repeated until the resulting solution reached a pH of 6. The solutions w.ere standardized by

passing aliquots through a column of Dowex 50W-X8 (J.T. Baker) resin in acid form and titrating the liberated acid

with standard sodium hydroxide. The concentrations were checked by ICAP (Perkin-Ehner Plasma 40) calibrated

with standards prepared by serial dilution of Spex 1000 mg/1 inductively coupled argon plasma (ICAP) standards.

Uranyl nitrate hexahydrate (Mallincrodt, analytical reagent grade) was dissolved in deionized water (1000 mg/1)
and determined gravimetrically with 8-hydroxyquinoline (Fisher, Certified Reagent). The 1000 mg/l Ce _ standard

was prepared from CeCI, • 7H_O (Aldrich) in deionized water and dilutions were calibrated by ICAP. All other

standard solutions were prepared by serial dilution with deionized water or analytical reagent-grade buffers or acids

as described. Other stock solutions or reagents were prepared by dissolving analytical reagent-grade metal salts in

acids or buffers prepared from analytical reagent-grade chemicals and deionized water.

In all experiments, the pH of solutions was monitored on a Corning Model 130 pH meter equipped with

combination pH and automatic temperature-correcting electrodes and was calibrated with pH 4 and 7 buffers. In

each series of solutions, the ion-exchange material (IEM) film was cut from the same larger piece to the dimensions

of- I by 3 cm and trimmed to bring the weight to within _+0.2 mg of the specified weight. For solutions of metals in
the parts per million range, the standard to be equilibrated with film was brought to a typical volume of 200 ml

and the pH adjusted with the minimal volume of acid or base and stirred for at least 24 hr with the film. For stan-

dards of metals in the parts per billion range, the solution was treated as above using a volume of 1.0 liter and an
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equilibrationtimeof48hr.IntheTbexperimentwitho-phenanthroline.12.5mlofo-phenanthrolinehydrochloride
(Fisher,CertifiedReagent),0.3percentindeionizedwater,wasaddedtothestandardpriortopHadjustmentto6.5.
followedbyadditionof40mgfilm.Otherconditionsemployedarementionedwhereappropriate.

Theion-exchangefilmmaterialconsistsofpolyacrylicacidentangledintoamatrixconsistingofinsolubi-
lizedorfurthercross-linkedpolyvinylalcohol.Thepreparationoftheacidformofthefilmwasasintheliterature
(ref.14).Intheseexperiments,thefilmwasconvertedtothecalciumformwithcalciumhydroxide.

RESULTSANDDISCUSSION

TheIEMfilmisinactiveintheacidformandrequiredconversiontothesaltformwiththecorresponding
hydroxide.Inthecaseofsodium,thefilmswellsandtendstobreakapart.Thecalciumformofthefilmispreferred
foravarietyofreasons.First,thecalciumformofthefilmshrinks,whichindicatesthatthecalciumiontendsto
cross-linkbetweentwoion-exchangesites,andproducesamoreruggedmaterial.Whilethekineticsofanalyteion
uptakeappeartobeslowerwiththecalciumfilm,theequilibriumsolutionconcentrationofanalyteoverthecalcium
resinisalwayslowerformultivalentions.

Manyofthelanthanideionsserveasmodelanalytesfortestingthebehaviorofion-exchangematerialsas
mediaforSPF.TheionsTb_÷,Eu_',Gd"'.andSm_÷allhaveadequateluminescence,differentexcitationandemission
wavelengths,andavarietyoflifetimestoserveastestanalytesforSPF.EarlierreportsofluminescenceofTb'* on

ion-exchange media (refs. 15 and 16) and the characterized lifetime behavior of the coordinated Tb '* ion (ref. 17)

prompted our use of this ion to characterize the ion-exchange material. Other luminescent ions used in this study
included Ce 3. and UO_2*.

The luminescence decay rate for the Tb _+ion in solution is well characterized, and numerous applications

appear in the literature that apply this ion as a probe of the mechanism of coordination of ligands (ref. 17). Terbium

has a coordination number of 9, and the first-order decay rate constant for luminescence emission is a function of

the number of coordination sites occupied by water ligands. We have long suspected that the mechanism by which

this ion-exchange film operates includes both an ion-ion attraction mechanism and a chelation mechanism for
ions that are favorably chelated by carboxylate ligands. The first order decay rate constant for Tb'* on P-81 ion-

exchange filter paper (ref. 15) was found to be 2.2 ms-', the same as that of the Tb ion in aqueous solution, which

indicates coordination to 9 water molecules. This is interpreted as a strictly ion-ion attraction mechanism for the Tb

bound to the P-81 cation-exchange filter paper reported earlier. By contrast, the new ion-exchange film loaded with
Tb _*and Gd _*ions consistently produced a first order decay rate constant of 0.84&0.03 ms _ independent of the Gd

concentration. This value suggests that the Tb ion on this media is coordinated to only 3 water molecules (refs. 17

and 18). The resulting loss of 6 water molecules is interpreted as an indication that the ion-exchange film also acts

as a chelating exchanger for this ion.

The spectra in figure 1 demonstrate the power of the solid-phase luminescence technique. It is clear that,

under the conditions employed for obtaining the spectra, a 10 p.g/l solution shows no spectral characteristic of
the Tb _*ion: however, when the Tb ion is preconcentrated on a small quantity of IEM film, the spectral intensity

obtained is considerably greater than that obtained from a 10 mg/l solution. This indicates a 4100-1bld spectral

enhancement in signal for the band at 488 nm and an enhancement of 4800 for the 545 nm band over the intensity
that would be observed in the original solution. The enhancement is a result of both the increased concentration and

the higher emission intensity that result from the displacement of coordinated water molecules by the carboxylate

groups of the ion-exchange polymer, as discussed above. This difference in enhancement of the 488- and 545-nm

bands may be caused by the change in environment of the Tb in combination with the hypersensitivity of the 488

nm _D4--_TF6transition. It is possible to achieve even larger enhancements, as described below.

All fluorescence spectra on ion-exchange films contained a large luminescence background regardless of

excitation wavelength and emission range employed. Several of the instruments used in these investigations were

capable of temporal discrimination, i.e., exciting with a short pulse of radiation and only collecting luminescence
emission in a time window that does not overlap the excitation pulse, conditions which are typically associated with

phosphorescence. When using an emission collection window temporally separated from the excitation pulse, all

background from the film was eliminated, which indicated that the background interference from this media is a

short-lived fluorescence rather than a longer lived phosphorescence. All the lanthanides studied have long-lived

luminescence, which allows for collection of excellent spectra by using a short delay between excitation and
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luminescencecollection(figs.2and3).Thesourceofthebackgroundluminescenceremainsunidentifiedandis
probablytheresultofpolyvinylalcoholdegradationduringthedryingstep,whichcausesaslightyellowingofthe
film.

Severalexperimentsthatusehighconcentrationsofmetalsdidnotproducealinearcorrelationbetween
luminescenceintensityandconcentration.Metal-ionmixturesweretestedtodetermineif irreproduciblemetal-ion
uptakewastheproblemandif itcouldbeminimizedbyusingtheinternalstandardmethodnormalizingtheGd'_
luminescenceintensityat310nmtoeitheroftheTbpeaksat488or545nm.Filmspreparedbyequilibratingin
100mlofamixtureofGd(3,9,or12mg/1)andTb(5mg/1)werepreparedandemissionspectraacquiredtosee
whetheradequatecalibrationcurvescouldbeconstructed.Spectraforthe3,9.and12mg/1Gd/5-mg/1Tbmixtures
areshowninfigure4.Fromthesespectrait isapparentthattheemissionintensityoftheTbisnotconstant.Inaddi-
tion.theemissionintensityversustheconcentrationofGdisnonlinear.The increase in intensity is a consequence of

two factors: (a) the higher concentration of Tb in the IEM film as compared to the solution concentration, and (b)

the longer fluorescent lifetime resulting from the displacement of coordinated water molecules by the carboxylate

groups of the ion-exchange polymer, as discussed in the previous paragraph. The difference in the enhancement of

the 488- and 545-nm emission lines may be a result of the change of the coordination environment in combination
with the hypersensitivity of the 488 nm 'D_--+TF_ transition. Gd is reported to be a sensitizer for the hypersensitive

transition, which would involve a change in the rate constant for decay of Gd. This is not what was observed; in-
stead, the rate constant was determined to be 0.27+0.03 ms -_for all samples. Furthermore, an internal standard

plot of the Gd intensity normalized by the Tb intensity versus concentration was linear, which would not be

expected if energy transfer was involved (see table I).

Because of our past experience with solid-phase spectrophotometry (SPS) producing linear calibration
curves with this film (ref. 1), it was suspected that the nonlinearity observed in the SPF was due to the high loading

of metals on the film and that lowering the amount of loading would eliminate the problem. Subsequent calibration

curves prepared by extracting Tb from 200.75, and 25 lag/1 standards on 75 mg IEM produced a linear relationship

with a correlation coefficient of 0.99 (fig. 5). A 10 and 5 lag/1 standard were also extracted but with incomplete re-

covery from the 10 lag/1 and negligible recovery from the 5 lag/l standard. All spectra acquired had excellent S/N,
which indicated that Tb luminescence from these low concentration standards was not lost in the noise, but that the

Tb was not quantitatively extracted by the film. In other words, the limit of detection for this type of SPF method-

ology will not be determined by instrumental constraints, but by the chemical equilibrium associated with the ion-

exchanger and its affinity for the analyte involved. It is not possible to use this data to calculate the equilibrium
constant for the system because the solution Ca -'+concentration was not determined at equilibrium, and calculated

concentrations using the normal assumptions (calculated 5 taM) are speculative because of the ubiquitous nature of

Ca contamination. Nonetheless, it is possible to calculate the value for KD (the ratio of the concentration of Tb in the
resin to the concentration of Tb in solution), which is 5.7× 103 for the 10 lag/1 solution and considerably larger for

the higher concentrations. These numbers in combination with recovery values presented in table II are consistent

with a highly favorable process, which implies that SPF method development for the trace analysis of Tb (and other

trivalent ions) in a variety of samples should be feasible.

Neutral ligands have been used to overcome the limitation of ion-exchange equilibrium on the uptake of

metal ions (ref. 19). Ligands such as o-phenanthroline form cationic complexes with metals, which facilitates their

uptake into the film at low concentrations, by a liquid-liquid extraction mechanism between the hydrophobic film

and the hydrophobic ligand portion of the complex. Figure 6 demonstrates that even at 2.5 lag/l, the film quantita-

tively recovers Tb in the presence of the ligand. It was hoped that the highly absorbing o-phenanthroline would

enhance luminescence of Tb by energy transfer from the iigand to the metal, that is, L* + M ---) M* + L. Unfortu-

nately, no enhanced luminescence was observed, and the curve becomes nonlinear at higher concentration. This is

probably due to the high absorptivity of the rt---)rc* transition in the ligand, which causes primary inner filtering.

The ion-exchange material developed is a weak acid form of exchanger, and consequently, it is inactive

below pH 3 to 5, depending on the ion involved. As a result, uptake studies were performed in the pH 5.5 to 6.5

range wherever possible. Above pH 7 the metal ions typically form insoluble hydroxy species or continue hydroxide

uptake to form anionic complexes, neither of which are taken up by this film. The film is effective in removing a

variety of metals as evidenced by the percent of recovery of metals onto the film as presented in table II. One of

the major difficulties in taking up metals that form oxy-cations like uranium is that the chemistry is a complex

function of pH. Uranium (VI) exists in acidic medium as the UO, :÷ ion. As the pH rises, the dimeric species U,O, 2.

and higher order aggregates as well as hydroxy complexes like UO2(OH) ÷and (UO,),(OH)2 '+ become prevalent
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(refs.20and21).Theemissionspectrain figure7indicatehowthesolutionbehaviorchangesthespectralfeatures.
Inacidicmedium,phosphatetendstocomplexstronglytouranium,whichproducesanintenseemissionspectrum
withwell-resolvedbandsinthe450to550nmregion.AsthepHrisesintheabsenceofphosphate,thespectral
featuresbecomelessresolved.Figure7(a)isthespectrumoftheUO,"*recoveredfromtheIEMinasmallvolume
ofsulfuric-phosphoricacidmedium,whichcomparesfavorablytoemissionspectraintheliterature(ref.22).The
spectraproducedfromIEMfilmsequilibratedwithdiluteUO_]÷solutionsatpH6.3havereadilyidentifiablebands
thatcorrelatewellwiththesolutionspectrainacidic-phosphatemedium.Thespectraoffilmsequilibratedwith
higheruraniumconcentrationsatpH6.3and6.6havelostallfinestructureandcollapseintoasinglebroadband
spanningtheemissionenvelope(fig.8).Pastexperiencehasshownthatcommonmetalsarereadilyrecoveredfrom
thisfilmbyacidstripping.Thisisalsothecaseforoxy-cationslikeUO2>(tableII. footnotea).At thistimeit isnot
anticipatedthatthision-exchangefilmwillbeusefulfordevelopmentofSPFmethodologyforusewithuranium.
despitethemodestaffinityofthefilmforspeciesthatcontainUranium(VI)(tableII).

PriortostudiesindicatingthatthelimitofdetectionforLn'sinthisfilmwouldbeequilibriumlimited,a
seriesofexperimentswereperformedonalaserluminescencespectrometer.Excitationthatusesthehighpower
fromthelasergenericallyexcitesTb,Eu,andSin,andallthathavereadilydistinguishableemissionspectrashould
allowfortheirsimultaneousdetermination(fig.9).ThebackgroundabsentintheTbspectrumisattributedtothe
highlyefficientexcitationoftheTb,whichhasaspectroscopictransition(TF_---_D,)thatexactlymatchesthelaser
frequency.It maybepossibletousetheligand-assistedmechanismincombinationwithlaserexcitationtoover-
comethechemicalequilibriumproblems.It shouldbepossibletoachieveexceptionallylowlimitsofdetectionfor
thesespeciesbySPF.

ThespectraofCe_*ontheion-exchangefilmareshowninfigure10.Theemissionspectrumisinclose
agreementwiththatreportedintheliteratureforsolutionspecies(ref.23).Thesolutionabsorbancespectrumagrees
closelywiththespectrafoundinreference23exceptinthe200to250nmregionwherethesolutionblankabsorbs
strongly.Theexcitationspectrumshowninfigure10istheabsorptionspectrumoftheCe_*speciesfreeofthesolu-
tionblank,sincetheIEMfilmbackgroundisnegligiblein thisregion.Inthestudypresentedinreference23.it was
demonstratedthatCe_*couldbedeterminedbyfluorometryinthepresenceofalargeexcessofCe_*toanaccuracy
ofaround&10 percent, which implies that the same should be true for spectrofluorometry on IEM films.

CONCLUSIONS

It has been demonstrated that the use of this new ion-exchange film greatly facilitates the SPF technique.

This ion-exchange material is very resistant to fouling by Ca -'+, has high capacity, is easy to work with in solution,

and easily mounts for spectral analysis. The films can be stored to serve as a record or for future reevaluation.

Drawbacks to its use include slow uptake kinetics and the need for fluorescence instrumentation capable of temporal

discrimination to produce high-quality spectra free of background fluorescence.
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TABLE I.--CALIBRATION CURVES FOR Gd (Ill)

USING SIGNAL NORMALIZED TO Tb (111)

PEAK INTENSITY.

Tb Oil) emission Slope.

peak used. Intensity

nm Ratio/

ppm Gd

545 0.19

488 0.38

Intercept Con'elation

coefficient

-0.08 0.994

-0.20 0.999994

TABLE II.--RECOVERY OF METALS FROM SOLUTION BY IEM FILM.

Metal Initial concentration. Percent removed by pH

mg/L 100 mg IEM

U(VI)_

Ce(lI1)

Eu(lll)

Gd(Ill)

Tb(IIl)

15.2

15.2

hi .0

14.2

15.6

13.4

16.6

68

78

80

>99

96

>99

87

"As UO/'. dimers, hydroxy complexes, etc.

b96c/c U(VI) recovered from film by acid stripping.

6.3

6.6

6.6

7.0

6.9

7.0

7.0
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Figure 1.--Comparison of spectra for Tb 3+ in solution to Tb 3+ on IEM film. (a) 10 mg/I Tb(lll) in solution, (b) 10 _g/I

Tb 3+ in solution, and (c) IEM film, 75 mg, equilibrated with 1.0 liter of 10 tJg/I Tb 3+ standard. All spectra recorded
on an Aminco AB 2 Luminescence Spectrometer and excitation at 240 nm.
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Figure 2.--Luminescence spectra of Tb 3+ on IEM film.

(a) Fluorescence mode and (b) phosphorescence mode
with 0.1 ms delay and 1.0 ms gate. 60 mg IEM equili-
brated with 100 ml 15 mg/I Tb standard. All spectra
recorded on a Perkin-Elmer Model LS-50b spectro-
fluorometer using 5-nm excitation and emission slits
with a front surface sample attachment and excitation
at 375 nm.
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Figure 3.--Luminescence spectra of Eu3+ on IEM film.

(a) Fluorescence mode and (b) phosphorescence mode
with 0.1 ms delay and 1.0 ms gate. 60 mg IEM equili-
brated with 100 ml of 15 mg/I Eu standard. All spectra
recorded on a Perkin-Elmer Model LS-50b spectro-
fluorometer using 5-nm excitation and emission slits
with a front surface sample attachment and excitation
at 395 nm,

_400--ii

_ c

II
I!

! !
I I" - fi!i "! I

• :.t,_

_ |l Ij tl

I L I| ii
! t JI |!
I | It tl
I I t
! , ,lal,,/\, ,A
ilA ', \!,

:___-----__--.#"_.._L.J _ _0
I

280 320 440 480 520 560 600

Wavelength (nm)

Figure 4.mLuminescence spectra of Gd3+ and Tb 3+ on IEM
film. (a) 3 mg/I Gd and 5 mg/I Tb, (b) g mg/I Gd and 5
mg/I Tb, and (c) 12 mg/I Gd and 5 mg/I Tb. All films,
75 mg, equilibrated with 200 ml standard at pH 5.5. All
spectra recorded in phosphorescence mode with 0.2 ms
delay and 1.0 ms gate on a Perkin-Elmer Model LS-50b
spectrofiuorometer using 5-nm excitation and emission
slits with a front surface sample attachment and excitation
at 272 nm.
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Figure 5.--Luminescence spectra of Tb 3+ on IEM film. (a) 200 _g/I, (b) 75 _g/I,
(c) 25 I_g/I, (d) 10 IJg/I, and (e) 5 or 0 _.g/l. Phosphorescence mode with 0.1 ms
delay and 1o0 ms gate. 60 mg IEM equilibrated with standard at pH 6.5. All
spectra recorded on a Perkin-Elmer Model LS-50b spectrofluorometer using
5-nm excitation and emission slits with a front surface sample attachment
and excitation at 240 nm.
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Figure 6.--Calibration curves obtained from 545-nm emission intensities of
(©) Tb 3÷ and (A)Tb3+-o-phenanthroline complex on IEM film. Insert is expan-
sion of the 0-7.5 _g/I portion of the Tb3+-o-phenanthroline complex curve.
All spectra recorded on an Aminco AB 2 Luminescence Spectrometer.
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Figure 7.mFluorescence spectra of U(VI) in solution.
(a) U(VI) in phosphoric-sulfuric acid medium (see

ref. 22 for details) and (b) UO22+,dimers, hydroxy
complexes, etc. at pH 6.6. All spectra recorded on
a Baird Atomic model FC 100 Fluoricord Spectro-
fluorometer with excitation at 350 nm.
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Figure 8.--Fluorescence spectra of U(VI) in IEM film.
(a) 1 mg/I U(VI) and (b) 15 mg/I U(VI). 50 mg IEM
equilibrated with 200 ml standard at pH 6.6. All
spectra recorded on a Baird Atomic model FC 100
Fluoricord Spectrofluorometer with excitation at
350 nm.
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Figure 9.--Fluorescence spectra of lanthanides on IEM film. (a) Eu3+,

(b) Sm3÷, and (c) Tb 3+. Dashed line represents film blank. All spectra
recorded on a laser luminescence spectrometer with CCD detector.
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b

Figure 10.mFluorescence excitation and emission spectra of Ce 3+ on IEM film. (a) Excitation spectrum with emission
fixed at 330 nm and (b) emission spectrum with excitation at 283 nm. Spectra recorded on a Baird Atomic Model FC
100 Fluoricord Spectrofluorometer. Film equilibrated with 200 ml of 15 mg/I standard at pH 5.8.
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